Abstracf-
RF elements like low-noise amplifiers, downconverten. and analog-to-digital converters are a significant cost factor. Due to the reason, there is now great interest in so-called hyhridselection schemes, where the "best" L out of N antennas are chosen (either at one, or at both link ends), daunconverted, and processed. This reduces the number of required RF chains from N to L , and thus leads to significant savings; this comes at the price of a (usually small) performance loss compared to the full-complexity system. In the case that the multiple antennas are used for diversity purposes, the approach is called "hybrid-selection -maximum ratio combining (HS-MRC), 01 sometimes also "generalized selection combining" [6]; if they are used for spatid multiplexing, the scheme is called hybridselectiodMIM0 (HS-MIMO). In this paper, we describe the performance that can be achieved with such a system. We furthermore describe how the "best" antennas can be selected in an efficient manner, and what nonidealities have a significant effect on the performance. The paper gives an overview of the results in the literature; more details can be found in the cited papers.
Notation: in this paper, a vector is denoted by an arrow, 3, a matrix hy underline A. Superscript * denotes complex conjugation; superscript denotes the Hermitian transpose. Figure 1 shows the generic system that we are considering. A bit slream is sent through a vector encoder and modulator. This encoder converts a single bitsueam into Lt parallel streams of complex symbols. These streams can contain all the same information (e.g., for a simple transmit diversity system with charnel knowledge), can all have independent symbol streams (e.g., in V-BLAST spatial multiplexing), or have partially correlated data streams. Each modulated symbol stream is multiplied by a complex weight U whose actual value depends on the current channel realization. If the channel is unknown at the transmitter, all weights are set to unity, Subsequently, a multiplexer switches the modulated signals to the test L, out of N, available antennas.
SYSTEM MODEL
In a real system, the signals are subsequently upconverted to passband, amplified by a power amplifier, and filtered. For the performance computations, these stages, as well as their corresponding stages at the receiver, are usually omitted, and the whole problem is treated in equivalent baseband. Note, however, that exactly these stages are the most expensive and make the use of antenna selection desirable.
Next, the signal is sent over a quasi-static flat-fading channel.
We'denote the N , x Nt matrix of the channel as E . 2) The fading is frequency flat.
3) The receiver have perfect knowledge of the channel.
4)
The channel is quasi-static. The capacity thus becomes a random variable, rendering the concept of a "capacity cumulative distribution function" and "outage capacity [Z] a meaningful measure. dent, identically distributed Rayleigb fading.
The input-output relationship can thus be written as
where d is the transmit signal vcctor, and 2 is the noise vector. N, = 8. The capacity obtained with L, = 3 is already very close to the capacity of a full-complexity scheme. For comparison, we also show the capacity with pure MRT. A~tually, it can be shown that the diversity degree obtained with antenna selection is proportional to N, not to L. Also for a space-time-coded system, where the transmitter has no channel knowledge, and the receiver performs antenna selection, the achievable diversity is N,N,,whiIeacodinggaindecreasesbyuptoIOlog(N,/L), see [lo] . In a highly correlated channel, no diversity gain can be achieved, but all gain i s due to improvment of the mean SNR.
PERFORMANCE RESULTS

+
Thus antenna selection is ineffective, and the S N R gain is only iduenced by the number of actually used antenna elements.
B. Sparid Multiplexing
For spatial multiplexing, ditferent data streams are transmitted from the different antenna elements; in the following, we consider the case where the TX, which has no channel knowledee. uses all antennas, while the receiver uses antenna selec- to unity. The receiver now selects those antennas that allow a maximization of the capacity. 
C. Space-time coded systems
Next, we consider the problem of space-time coded systems with transmit and receive antenna selection, where the transmitter has knowledge about the statistics of the fading. The channelshavs correlation, and the correlation matrices are knowfl at the TX. Then, we introduce a modified correlation matrix B which is the submattix of the total correlation matrix B corresponding to the selected antennas. The paimise error probt i ,
[ll]; all (linear) weights d, $ in Fig. 1 aTe set equal bility (i,; ., confusing codeword$') withcdeword$)) fora 
V. EFFECT OF NONIDEALITIES
A. &-rank channels
Previously, we have assumed that the channel is i.i.d. complex Gaussian, or shows some correlation at the transmitter andlor receiver. However, in all of those cases is the channel matrix full-rank, and the goal of the antenna selection is to &crease complexity. while keeping the performance loss as small as possible. There are, however, also propagation channels where the matrix has reduced rank [22]. Under those circumstances, antenna selection can actually increase the capacity of the channel [231.
B. Frequency-selective channel
In frequency-selective channels, the effectiveness of antenna selection is considerably reduced. FOT different (uncorrelated) frequency bands, different sets of antenna elements are optimum. Thus, in the limit that the system bandwidth is much larger than the coherence bandwidth of the channel, and if the number of resolvable multipath components is large, all possible antenna subsets become equivalent. This can also be interpreted by the fact that such a system has a vely high diversity degree, so that any additional diversity from antenna selection would be ineffective anyway. However, for moderately frequency-selective channels, antenna selection still gives significant benefits. A precoding scheme for CDMA that achieves such benefits is described in [24].
C. Channel estimation erron
We next investigate the influence of erroneous a n m m selection on the capacity of the system 1251. We assume that in a first stage, the complete channel transfer matrix is estimated. Based on that measurement, the antennas that are used for the actual data transmission are selected, and the antenna weights are determined. Consider now the following cases: (i) perfect choice of the antennas and the antenna weights, (ii) imperfect antenna selection, but perfect knowledge of.the antenna weights, (iii) imperfect choice of the antennas, as well as of the antenna weights at the transmitter, and perfect antenna weights at the receiver, and (iv) imperfect choice of the antenna weights at transmitter and receiver. The errors in the transfer functions are assumed to have a complex Gaussian distribution with SN&il,, whichis the S N R during the transmission ofthe pilot tones. In our example, the capacity starts to decrease significantly only when the pilot tone S N R is smaller than the S N R for tbe actual data transnjssion, see Figure 4 .
Another type of channel estimation e m r can be caused hy a limit on the number of bits for the feedback of antenna weights to the TX. This problem is especially important for the W-CDMA standard. Attempts to send the full transmit weight infonnation then bas to result either in a very coarse quantization, or the feedback information has to be sent of many slots, so that -in a time-variant environment -the feedback infonnation might be outdated by the time it arrives at the transmitter. Thus, the attempt of getting full channel state information to the transmitter carries a penalty of its own. The use of hybrid antenna selection might give better results in this case, since it reduces the number of antennas for which channel idonnation 
Iv. ANTENNA SELECTION ALGORITHMS
The only mechanism for a truly optimum selection of the antenna elements is an exhaustive search of all possible combinations for the one that gives the best S N R (for diversity) or capacity (for spatial multiplexing). However, for HS-MIMO, this requires on the order of (2) (2) computations of determinants, which quickly becomes impractical. For this reason, various simplified selection algorithms have been proposed. Most of them are intended for systems where the selection is done at only one link end.
The simplest selection algorithm is the one that chooses the antenna elements with the largest power, i.e., the largest Frobenius column (or row) norm. For the diversity case, this algo rithm is quite effective. However, for spatial multiplexing, this approach breaks down. Only in about 50% of all channel realizations does the p e r -b a s e d selection give the same result as the capacity-based selection. This behavior can be interpreted in geometric terms because the phase shifts between the antenna elements are the decisive factors for capacity, and are far more i m p n t than the instantaneous S N R [ill.
An altemative class of algorithms has been suggested by [IY] . Suppose there are two rows of the H which are identical. Clearly only one of these rows should be selected in H.
Since these two rows carry the same information we can delete any row of these two rows without losing any information about the transmitted vector. In addition if they have different powers (i.e. magnitude square of the norm of the row), we delete the lower power row. When there are no identical rows we choose next two rows for the deletion whose mutual information is the next highest. In this manner we can have the channel matrix H 
VI. SUMMARY AND CONCLUSIONS
This paper presented an overview of MlMO systems with ant e~ selection. Ether the transminer, the receiver, or both use only the signals from a subset of the available antennas. This allows considerable reductions in the hardware expense. We found that antenna selection retains the diversity degree (compared to the full-complexity system), both for linear diversity systems with complete channel knowledge, and for space-time coded systems. However, there is a penalty with respect to the average SNR. For spatial multiplexing systems (BLAST), antenna selection at the receiver gives a capacity comparable to the full-complexity system as long as L, 2 Nt (and similarly for the selection at the transmitter). Thus antenna selection is an extremely attractive scheme for reducing the hardware expense in MlMO systems.
